
JULY, 1924 MONTHLY WEATHER REVIEW 343 

TABLE 2.-Total number of days with thunderstorms i n  each month for  the seven-year period, 1917-19W, inclusiue, at the following stations 
in  Alaska 
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One or more storms accompanied by hail. c Buildings were struck by lightning on July 3,lsaO. 
d One of these storm8 (that of Nov. 7, 1918) was accompanied by “a bllndln8atorm.” 

By W. H. ALEXANDER, C. F. BROOKS, and G. H. BURNHAM 

The purposes of this study are- 
INTRODUCTION 

to determine as far as possible the origin, the distribution, the 
number, the frequency, t,he extent, the attending phenomena, etc., 
of these storms, and, if possible, to  trace the history of each 
individual thunderstorm that enters or originates in the State of 
Ohio during the year 1917.8 

The 
network, however, was too open in the rougher plateau 
of the southeastern half of Ohio. Ea& observer was 
instructed to report each occasion thunder was heard or 
distant lightning seen and to give, so far as possible, 
the times, occurrences, or other informa.tion desired, as 
foTlows : 

Thunder-first, loudest, last, and frequency; movement of 
storm-direction from which i t  appeared to  come, how i t  passed 

About 830 wdl-scattered observers were enlisted. 

~~ 

3 A joint study by the United States Weather Bureau and Clark Universlty. In which 
Alexander with the aid of H. H. Martin. coUected and partially map d the data. and 
both Ale&der and Brooks studied them. Detailed dlscuasions w i t f k p s  are on flle 
at the United States Weather Bureau Library, Washington. D. C.. and the Columbus, 
Ohio of the Weather Bmau.  The orlginal remrta and m a p  are at Col~~mbus. 
The ~ o l l o a n ~  summa b Brooks of Clark University. 

Alexander. W. H . , % s t y a  0x10 See., ’Dee., 1916,Zl: W. 

(whether overhead, or to either side), and the direction to which it 
went; rain or snow-begnning, ending, and amount; hail-begin- 
ning, ending, amount, size, and form; wind-direction before and 
after, direct,ion and time of highest wind; heat lightning-direction, 
and time. Remarks were also asked for. 

Most of the observers made careful returns, but irre 

neighborin storms greatly reduced the otential value 

of hail and lightnin strokes, were mapped first, then 

transferred to large post office maps. 
Only on 7 days were the storms eneral over the State, 

State, or sli htly more, was covered; and on 17, almost 
half. 
quency in a winter of much zero weather, even at  times 
when the surface temperature was near freezing. There 
were tornadoes in winter as well as in summer. 

Quick, decided chan es in the weather proved favor- 

- 
larity in reporting, omissions of ace names or T t e 
sort of time used, and failure to t1 iscriminate between 

of many. %he times of first and last thun a er, occurrences 

small ma s were ma 8 e for thunderstorm areas each day 
or half B ay. Later, all the data on the cards were 

and on 11 over almost the whole 5 tate; on 33, half the 

Thun % erstorms occurred with considerable fre- 

able for the enesis an ! growth of thunderstorms, while 
equable con tf itions and gradual changes were unfavor- 
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able. Of the 37 instances of the passage of the scluall- 
lines of Alberta lows considered, 35 roduced thunder- 

moist winds and to cold winds provides the o portunity 

thunderstorms. 
Thunderstorm reldive to pressure systems.-The clistri- 

bution of thunderstorms in time and space is merely an 
index to the distribution of conditions favorin bhe 
violent convection of large masses of warm, humii air.4 
Thunderstorms may be classified according to t,heir 
mode of occurrence. Doctor Humphreys has suggested 
the following divisions : 

Thunderstorms roduced in- 
((a. Regions of figh temperature and widely exte.nded, 

near1 uniform pressure. [Commonly called ‘local’ or 

“ 6 .  The southeast uadrant, or less freyuent,ly, t,he 
southwest, of a re lar y formed low, or typical cyclonic 

storm. j 
(‘c. The barometric valley between the branches of a 

distorted or V-shaped cyclonic isobar. . . . ‘tornadic.’ (‘a. Tbe re ion covered by low-pressure trough between 

‘anticyclonic thunderstorm, or even the %rough’ storm. 
“e. The boundary between warm and cold waves . . . 

one might call it the ‘border’ storm. 
In attempting to apply this classification t.0 t,he 10.5 

morning weather maps of the clays with thunderst.ornis 
in Ohio during 1917 a modification was found desirable. 
Humphreys’s classes c and d are so nearly dike t,hat, no 
distinction was practicable. On only four days might it 
seem desirable to distinguish intense thundei%t,oiins in ;I 
distorted, sharp trough or V from the ordinary t.rough 
t On the other hand, a rather distinct occurrence of 

of some strong “steering lines”. that is, on t.he enst,ern 
border of the southeest,ern cuadrant of Lows. While 
such storms might be classifiec \ in Humphreys’s group b,  
they are different in position from t’he usual cyclonic” 
thunderstorms in t,hat the mark t,he eastern bou~iclnry 

as is usual1 the case with thunderstorms in cyclones. 

were kept distinct from the cyclonic. 
In Table I ,  then, the thunderstorms were classified 

according, t.0 Humphreys’s groups, except tha.t t.he 
“trough and ‘(tornadic” (c and d )  were merged, and 
warm-front storms se arated from other “cyclonic” or 
SE. guadrant ones. f o r  clarity Hum hreys’s Ii troufi” 

“ N . S .  trough” and his “border” t pe (.e) as “E.-W. 
trou h,” the two being dist.inguished z y whether the axis 

processes forming thunderstorms in both types of trough 
are essentially the same, the results with respect to any 
place are quite different. The N.S. trouglis march 
across the country eastward and soon pass, but t,he E.-NT. 
ones in their eastward rogress merely bring n continua- 

trough. 
Table I shows the natural summer-time repontlerance 

of thunderstorms of all classes, especially o v the locd and 
cyclonic types. The N.S. trough storms occurred almost 

storms in Ohio. The openness of 0 { io both to wa.rm, 

for frequent overturnings sufficiently intense P or mnking 

(heat 9 thunderstorms.] 

storm. [Common $9 y known as t.he ‘cyclonic’ t,hunder- 

adjacent hi$ P pressure areas . . . might be called the 

e. 
t F understorms was noted toward the southemt.ern ends 

of a warm, moist wind rat K er than t,he western portion, 

Consequent Iy y, these steering-line, or warm-front storms 

and ‘ tornadic” storms (e and d)  are R ere designat,e as 

of t a e trough was more N.S. or E.-W. Though t,he 

tion of thunderstorms B ay and, night to a localit,y in the 

- 
4 Cf W M Daoh Elementar Meteorology 18W W. J. Humphreys Phssics of 

the Air, 18io: 6nd C. #. Brooks, T i e  l d ,  or bed, thuidmtorm, Mo. W E ~ H E R  REV.,  

6 hoc. clt., pp. 891-350. map, 
J u ~ ,  lBP, SOal-S4. 
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lt6 oft,en in t-lie colder months as in the warmer. The 
greatest cont>rmts of the colder season thus were almost 
iis potent, 21,s the renter surface warmth of the warmer. 

M e  s ring and early summer. since the formation of such 

occurs betw‘cen t.he more or less permanent hiuh pres- 
sure areas oyer the cold Great Lakes and Nortgeast at 
this season, and the western portion of tlie Atlantic sub- 
tropical High. The warm-front storms were distinguish- 
able only in winter when well-developed cyclones oc- 
curred. Squall-line, or cold-front, storms usually fol- 
lowed in n few hours. Some of the summer thunder- 
storms classed as “local” probably correspond to this 
winter type. 

Tlie E.-W. troug !i thunderstorms were most frequent in 

broug P is in t,he general region of which Ohio is a part 

DISTRIBUTION OF TIiUNDERSTORMS IN OHIO 

Table I and Figure 1 show the .number of thunder- 
storm days by mont.lis nncl the year in different sections 
of Ohio. Sect.ions 1 ,  3, and 4 are plains of about 500- 
1,000 feet elevation, except for 10 or 15 miles overlap 
ont,o the lntsau; while 3 and 5 mark the maturely dis- 
sect,ed A1 P egheny Phteau ranging from 500 to 1,540 feet 
above sea level. 

The preponderance of thunderstorms in south over 
north a.nd west over east was not great in summer, for 
temperatures and nioisture conditions over most of the 
State are very niuch dike at t,liat season. In winter, 
Iiowever, tlie incidence of thunderstorms is a preFiab1y 

nort.hesstcrn half. This seenis to result from the warm, 
moist, winds in winter coming from the southwest, and 
the cold, dry ones enernlly from the northwest. Thus 
there should be in t. P; e sout,liwst t.Ec highest t.eniperature 
and largest moisture content, nncl also the largest con- 
t,rti.st between the wwm wind and the oncoming cold 
one, conditions most favorable to thunderstorms. 

The t.hunclerstorms of 1917 follow close1 the usual 
espect,nt,ion of high incidence from May to Iugust,, with 
the peak in June. The eivlier ninnt,lis of t,he year, part 
of the niild winter of 1916-17, h;id miiny more thunder- 
storms than t.he last, t.wo mont,lis, at the onset of the 
very colcl wint.er of 1917-1s. The year ns a whole waa 
iinusuidly t1iunder.y. From April 17 to September 7 
t,liere wcre but 32 out of the 144 days without reported 
t~liunderstorms. 

greater in t.he southwestern half of the State t K an in the 

DIURNAL INCIDENCE OF THUNDERSTORMS 

Tn.ble I1 shows t.liat in winter t.here were more thunder- 
storms by night than by day and more in the early than 
in t,he late half of the night. Winter thunderstorms are 
the result of the development of escessive lapse rates 
owing t,o over and under running yinds. At night .when 
tlierc is no solar heating in progress there is a minimum 
of friction wit,h t,he ground, and therefore a maximum of 
opport,unity for t:he unohstruct,ed flow of warm, moist 
air nt a moderat,e elevat,ion. 

for thundeivtornis at night, for it protects the wnrm 
layer of air agli.inst much loss of heat by radiation up- 
wnrd. Tlic Jiglit escess of the first over the last half 
of t,he night may be attributable to t.he observers 
sleeping more in the latter half. 

In spring and autumn, the dominance of cyclonic 
conditions in producing thunderstorms j s  in evidence in 

The cloud sheet at the to 
of such (I, flow of warm air niny be in part responsihe f 

* Cf. J .  F. EIono. Ncue Beitraw z w  lQnntnis der Taglichen Periode der aewitter, 
U r l .  Zrilxlir.,  Feb.. 1915, 3273-82, 4 6gs. 
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the rather eren distribution throughout the quarters of 
the day, though the importance of daytime heating 
appears in the afternoon and evening maximum and the 
morning minimum. 

Early summer brings a great increme in thunder- 
storms, and R great pre onderance of afternoon and 
evening thunderstorms, t. K ese occurring on practically 
threefourt-hs of all days with thunderstorms. The 
formation of thunderstorms b cyclonic action becomes 
relatively less important. d e  period from midnight 
to 6 a. m. has the least of m y  quarter of the day. Of 
the different ty es, tlie sunny, local thunderstorms 
natural1 show t R e reatest response to daytime heat- 
ing, a n l t h e  cloudy, %.-W. trough ones the least. 

Cyclonic and trough thunderstorms in summer are in 
many instances really indistin uishahle from local 
thunderstorms. ‘lliey are classi f ed according to the 
resence or lack of a definite low-pressure area evident,ly 

!ominatin the situation. As more thunderstorms 
occur in cear, 9 quiet weather when general conditions 
are favorable than in partly cloudy, windy wedier. the 
percentages shown in the table are made up mostly of 
storms occurrin in weak cyclones, and sci those scarcely 

It is not surprising, therefore, that storms occur after 
distinguishable B rom local thunderstorms. 

THUNDERSTORM MOVENENTS-PROGRESS AND GROWTH 

Tliunderstomis. as is well known, move with a direction 
and speed w1iic.h are t.he avera e for the winds affecting 
the main hody of the c.loud. 6 u t  these may not be the 
same for all s t y  of growth. A storm in its youth may 
occupy a smal er rert-ical extent than in its maturit ; 
therefore, if it formed in a moderately  hallow easter T y 
wind, then grew up intn st westerly one above, the thun- 
derstorm mwlit move first from the east and then from 
the vest. &en if the progressive movement does not 
change, the more or lrss irregular expansive growth char- 
acteristic nf thunderstorms often makes them appear to 
take errnt,ic strides. The front usually advances faster 
t.han the middle, and, when the movement is slow, the 
renr may grow so rapidly as to make the storm “return” 
to a lace already passed. 

WEen a storm is developing, the inereasing number 
and ‘intensity of its crashes of thunder result in a very 
rapid advance of tdie zones of audibilit . Thus, a new 

vmce!, for ti. time, much more rapid than its actual 

arrival. The iise of tliunclei~torni rain-fronts in plotting 
thus has an obvious advantage. 

storm, if plothxi by the time of first t i under, may ad- 

motion: while n dying one might hard T y be heard before 

FIG. 1.-Monthly and annual incidence 01 thunderstorms 
in 1917, by geographic divisions 

noon on about four-fifths of the days with storms of the 
cyclonic type. 

In May and June, 1917, there was a considerable 
prevalence of E.-W. trou hs, with long periods of cool, 

variation found in cooler months, though, as with the 
c clonic and local types the first quarter of the day was 

From July to Se tember, 1917, ordinary summer 

uted about as in early summer, exce t that more began 

thunderstorms such early starts occurrecl, as compared 
with but 10 per cent in May and June. With E.-W. 
troughs less pronounced than in May nnc! June, the 
diurnal heating had a greater effect on the incidence of 
thunderstorms. They occurred in the afternoon on 
thee-fourths of the days having the E.-W. trough type. 
In general, four-fifths .of the storms occurring any time 
in the afternoon were in existence during ertch of the 
periods 2-4 p. ni. and 4-6 p. m. 

cloud weather. Under t 7 l  ese circumstances, the E.-W. 
troug g thunderstorms showed the same lack of diurnal 

t K e least stormy. 

weather prevailed. E oca1 thunderstorms were cl’istrib- 

before noon. On 30 per cent of t r ie days with heat 

5 

4 

FIG. 2.-lsohm11ts-6rst thiiudor in a worm-Irnnt group of 
storm, Fehrimry 23. 1917. n. m. The marked irregulsr- 
itiesmvnwinq mostly to thclwol lorrnstions of storm in 
:i general hclt 

With cyclonic thunderstorms, the general zone or zones 
in which thunclsrstorms occur niows at  n speed the same 
as or somewhat greater than that, of the low center. 
Indivitlual storms, howevt\r, in such zones commonly 
m o ~ c  slantwise across the zone and at a greater speed 
t,linn its progress. Jn the eastward moving squall-line 
of an intense low the thunderstorms are likely to t.ravel 
at high speeds from the southwest. With old storms 
tending to run ahead of the general zone, and with new 
ones continually forming and espanding in several direc?- 
tions the system of thunderstorms becomes hi hly corn- 
Ilex, itnd die thuncler front and rear very irrsgu 7 ar. (See 
kgs. 3 nncl3.) 

SUGGESTIONS FOR FURTHER STUDY OF T H E  OHIO MAPS 

In discussina the indications of the maps and pre- 
paring t,ho t,abfes we have scarcely made inore than a 
generid survey. The iiiap.3 might be approached a ain 

and group thunderstorm niovenients and those of lows; 
with such questions as: The relations between indivic K ual 
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Flos. 3-7.-Eourly p r e d n  of thundeastonn belt on ra idly moving warm front March 3, 1917. 8 a. rn. Lines marked “b7.” “M.” etc.. 
show where thun er began at 7 a. m., 8 8. m.. etc., w%ih “e&” “88.” etc., indicate where thunder ended at 8. 9, ete. (By H. 8. Martin.) 
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6ection 2. NorthwesHon. 
August. _ _ _  - _ _ _ _ _ _  - _ _  _ _ _  
September-. . - 
October. - . . . - - _ _  _ _  _ _  - -. 
November. _ _  . --: ______. 
December. . -. - - - - - - - - -. 

- - -. 

Year. -. . . . . . -. -. - 
Section 3. Northeast.. [See 

Fir. 1 I !  

the growth and decay of particular storms; the local 
incidence of thunderstorms, including their splittings and 
mergings and tendencies to follow topographic features, 
and the bi-hourly distribution by types, by sections, 
and by seasons. Unfortunately, the data are not ade- 
quate for the pursuing of such studies far, for the reports 
of ne' hboring observers are often difficult, if not im- 
possib P e, to coordinate, and locations sometimes uncertain 
owing to stations being too far apart; generalizations 
of several small storms into one report; maccuracies of 
5, 10, or 15 minutes in time reporting; even uncertainties 
of an hour in the time used, and sometimes a question 
aa to the date given. 

With the use of data not mapped other research could 
be attem ted. The automatic records at  the several 
regular tB eather Bureau stations in Ohio and near by, 
including the aerological observations at  Royal Center, 
Ind., might be studied in detail for important thunder- 
storm days, and the sequence of events at the several 
stations coordinated. In this way, the causes of the 
thunderstorms, the distribution of which have been 
mapped, could be more definitely established than froni 
the mere comparison of the thunderstorm maps with 
the 7 a. m. weather maps. In such an investigation the 
7 p. m. manuscript weather maps would also be he1 ful. 

distribution of wet ground, maximum temperatures, and 
winds, on the incidence of local thunderstorms. This is 

. suggested by the observation, made in Texas, of thnnder- 
storms on alternate days. Similar alternations appear 
several times in Ohio July 7-25, 1917. After a thunder- 
shower, the air is relatively dry for a day or two, and 
t h e y d  is kept relatively cool by evaporation. These 
con itions are adverse to thunderstorm formation. 

A study might well be made of the influence o P the 
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-- 

1 2 
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0 3 
0 0 
0 0 
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-- 

TABLE I.-Geographic and seasonal incidsncs of thundsrstorma in 
Ohio, lS17-Continued 
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CONCLUSION 

Those who are familiar with the resulk of earlier 
investigations will have recognized in the information 
obtained from this Ohio study much that is merely 
confirmatory. It seems evident that new researches on 
thunderstorm problems should now be intensive, with 
the inveatigators . instrumentally well equipped and 
making their studies on selected storms. 
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TABLE I.-Geographic and season.al incidence of thmdsrslnrms i n  
Ohio, 1917 

[Compiled by 0. H. R.1 
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TABLE 11.-Diurnal incidence of th.underelorms by quarters-Percentages of days with th understornbe (T.) d1i.rin.g which th.rtnderslorms occurred 
in cnch quarter o j  the day 

[Compiled by C .  F. B.1 
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35 
42 
43 
40 

~ 

Prr crnl Per rcn, 
0 32 

33 33 
li 33 

2Y 50 
13 50 
26 58 
24 52 

50 50 
20 i o  
36 55 
32 64 

33 6 

23 
50 
35 
35 

38 
38 
40 
50 

44 J 
53 19 
43 14 
51 3Y 
1;1 til 
61 8fi 

Section 5 ($E.) Arcragc p r  rent all sections of Ohio 
-- 
12-6 

p. m. 

?rr rrnl  
38 
0 
1s 
39 
36 
30 
23 

100 

- 

F! 
2, 
SS 

100 
Y4 
x3 
88 
R i  
65 
- 

- 
i p. m.- 

12 

- 
T. 

Month and class 
- 
3 a.m.- 

12 

- 
12-0 

p. m. 

-_ 
In. m.- 

12 

- 
12-6 

p. m. 

- 
5 p. m.- 

12 

- 
12-R 

a. m. 

Prr rcni 
?? 
64 
47 

34 
46 
39 
40 

0 
21; 
4.5 
YY 

0 
45 

2fi 
32 
34 

- 

m 

- 
R a.m.- 

12 
- 
Prr rnii 

25 
53 
46 

35 
32 
34 
3i 

10 
3; 
50 
$2 

30 
4 i  
37 
41 
41 
39 

12-6 
n. m. T. 

January and February: 
Cyclonic and N.-Y. trough. - -. _ _  _ _  
E.rW. trough and Warm-front . - -. 

Prr ccni 
25 
33 
31 

38 
46 
42 
42 

0 
?5 
46 
3s 

35 
42 
56 
18 
43 
43 

~ 

Prr rrni 
38 
0 

P i  

52 
54 
5fi 
4Y 

50 . 80 
54 
iI 

I 
I 
89 
rix 
R3 
i 2  

~ 

Ptr rrnl Day8 

55 11 
33 t 

Dtr rrnl 
33 
Fii 
55 

50 
55 
41 
45 

33 
lii 
bY 

0 
0i  
52 
32 
.43 
.I3 

0 

-. 

Dap8 
0 
6 

11 

18 
11 
30 
4 i  

2 

"1 
34 

12 
18 
18 

-s4 
131 

in  

.n 

. -_ 

Per rrni 
34 
17 
?I) 

55 
55 
S i  
51 

75 
88 
5 i  
i 9  

90 
56 
77 
84 
SI 
i 2  

Pcr ceni 
go 
I3 
50 

45 
62 
54 
53 

42 
is 
56 
i3  

55 
77 
59 
63 
67 

. 62 

Dais 
10 

I4 

a7 
15 
41 
55 

70 
21 
29 
48 

18 
z3 
21 
62 

110 
165 

6 .  

ptr ccirl 
50 
P 
45 

39 
36 
30 
31 

0 
:3 c i  
26 

42 
83 
50 
58 
B i  
4il 

Drr rrnl 
50 
33 
45 

39 
55 

321 

M 
7s 
39 u 
33 
61 
56 *so 
S i  

313 

.n 

Per crni 
25 
6i 
4s 
4.1 
4ti 
47 
47 

0 
3 
521 
M 

0 
47 
2a 
2s 
38 
40 

All ...-.....--.---.-------------. 
March, Aprll. Octoher, and November 

Cyclonlc nnd N.-S. trough-. . - _ _ _ _  
E.-W. trough and Warm-front - - -. 

July. An ust, and Septrmbrr 
Locaf.. _ _  - - - -. -. .--------I - - -. - - _ _  . 
Cyclonic and N.-8. trough. - _ _  _ _ _ _  
E.-W. trough and Warm-front - - -. 

All-. . _ _ _ _ _  _______. - -. . - _ _  __. _ _  _ _  
Warmer months ____. __. . . ~ -. ~. -. . -. 
Year (191;) _ _ _ _ _ _ _  ___. __. . _ _  _____. _ _ _ _ _  

R. DeC. Ward. Thunderstorms in New England during the 
years 1x88 ant1 1887. Ann. Astr. Obs. Harrard Coll., vol. 31. pt. 2, 
pp. 201-343. 22 figs., 2 t,ables. Cambridge, 1893. Summarized 
i n  A I R .  M d ' l .  Jour., 9:21-28, 211-215. 1892. 

N.  8. Conger. Report on the forecasting of thunderstorms 
during the summer of 1892. U. S. Weather Bureau Bull. 9. 
1x93. Includes papers by R. DeC. Ward for New England and 
Charles M. Strong for Ohio. 

R. DeC. Ward. Thunderstorms of New England. Paper 
Imseilted a t  Internatioiial Met'l. Congress, Chicsgo, 1F93, but 
nwer  pub'd. Now on file U. 8. Weather Bureau Library, Wash- 
ington, D. C. This paper sumiriarizes the results of 1 years' 
thunderstorni investigat,ions. .4 inore general summary is pre- 
sent,ecI in the liest ref. 

R .  DeC. Ward. The thu~iderstorms of the United States as 
climatic phenomena. Proc. of the Second Pan Am. Sci. Cone;., 
2:393-411, 14 figs., bibliog. 1917. 

European and ot.her geographic thunderstorm investigations, 
many of them of the sort here presented, have been summarized in 
the $ i n .  Mst'l.  Jour.; 1:379, 195; 2:281, 373, 489; 390-45, 65, 

178, 411:11, 364, 435. 
Also. van Hanil's, Lehrbuch der Meteorologie, 3rd ed. 1915, 

69-79; 4~31-34; 6:136-138; 6~371-372, 481-4S2; 9~532;  10, 111, 

pp. 649-708. 
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